Background: Dust storms occur when unchecked, strong, or turbulent winds combine with exposed loose and dried soil surfaces. Sand and dust storms have a significant impact on society, economy, and environment at local, regional, and global levels. The environmental and health hazards of such storms cannot be permanently reduced, however, by taking appropriate measures, its impact can be reduced. The present study aimed to investigate the effects of microbial precipitation of calcium carbonate (CaCO3) as a biocompatible agent on soil stabilization and control of dust storms using ureaseproducing bacteria (UPB) as a biological improvement technique, which were isolated, identified, sprayed on the soil surface. Methods: For this purpose, the erosion of bio-cemented soil samples was investigated experimentally in a wind tunnel under the condition of wind velocity of 0 to 98 km.h -1 in two soil types with sandy and silty texture in a completely randomized design with three replicates.
Introduction
Soil erosion is an important land degradation process that effects on the soil productivity. It has been estimated that about 75 billion tons of soil are removed each year by water and wind erosion (1) . Wind erosion is known as a major environmental process in arid and semi-arid regions of the world because it causes land degradation and desertification (2) , particularly in the world's dry lands (3) . Sand and dust storms have considerable negative impacts on the infrastructure, economy, and environment, and they have become a serious threat to human health because of their role in the formation of suspended particulate matter and air pollution (4) . This phenomenon is dominant in the regions with a sparse vegetation coverage due to low precipitation (<300 mm annually), high evapotranspiration, and loose, finely and smooth soil surface with strong winds (5) . Due to the effects of many factors including climate conditions (e.g. precipitation, wind, and temperature), soil properties (e.g. soil texture, composition, and aggregation), land-surface characteristics (e.g. topography, moisture, aerodynamic roughness length, and vegetation coverage) and land-use practice (e.g. farming, mining, and grazing), wind erosion is a complex process (6) . There are many chemical (7) (8) (9) , mechanical, and biological (10, 11) technologies to control and prevent wind dispersion of dust, wind erosion of soil, and desertification (12) . Traditional prevention techniques use chemical stabilizers and cementing agents, however, not only their application is expensive, but also due to the solubility of the reagents in water and their dispersion in the environment with runoff, they may have also negative effects on plants (9) , quality of surface and ground waters, and public health (12) . Also, agronomic measures are one of the conventional way for preventing soil erosion using living vegetation or the residues from harvested crops to protect soil from wind erosion, but it is limited by agricultural conditions (12) . Application of bio-mediated cementation of the soil particles can be an alternative way for the dust suppression with chemical reagents (13) (14) (15) . Microbial geotechnology is an emerging branch of geotechnical engineering that deals with the applications of biological methods to geotechnical engineering problems (13) . The most popular technology of biocementation is a process to produce binding material (biocement) based on microbial-induced carbonate precipitation (MICP) mechanism that can be applied in many fields such as construction, petroleum, erosion control, and environment (12) . In addition, the hydrolysis of urea is a chemical reaction, where the urease enzyme produced in situ by ureaseproducing bacteria (UPB) or supplied directly into the soil, decomposes urea (CO (NH 2 ) 2 ), and the ammonium (NH 4 + ) released from urea hydrolysis results in local pH increase and in the presence of calcium ions, commences the precipitation of calcium carbonate (CaCO3) in the soil. The high pH favors bacterial activity. Calcite is precipitated through the combination of carbonate ions (CO 3 2- ) from the hydrolysis of urea and the calcium ion (Ca
2+
) supplied in as calcium chloride (16 (17) . Gomez et al focused on a field-scale, surficial application of MICP experiment to improve the erosion resistance of loose sand sediments and provide surface stabilization for dust control. They concluded that the most improved test plot received the lowest concentrations of urea and calcium chloride and formed a stiff crust measuring 2.5 cm thick, indicating an increased resistance to erosion (18) . Many researchers have reported that microbial mineral precipitation method is more effective in sandy soils compared to silts or clay (19) . The aim of the present study was to isolate and identify UPB strains and compare their ability for biocementation of silty soils.
Materials and Methods
Isolation and identification of the isolated UPB For this study, 10 soil samples were collected from Golestan province, Iran, from 0-5 cm depth using sterile tools and placed into sterile containers. All samples were stored on ice for immediate transport to the lab. For enrichment and isolation of ureolytic bacteria of the soils, 50-mL sterile syringe barrels (syringes without plungers) were used as soil columns. Each column was filled to the 20 cc line. A tube was connected to the bottom of each syringe barrel and clamped closed to retain the solutions within the soil matrix, and the columns remained sealed on the bottom and were covered with aluminum foil to exclude light. Soil in columns were treated once with an enrichment solution containing 333 mM urea, 170 mM sodium acetate, 0.5 g/L Bacto yeast extract, and 0.5% (by volume) Grandma's molasses. After three days, the columns were drained and treated three times, every other day, with a solution containing 170 mM sodium acetate, 0.5 g/L Bacto yeast extract, and 333 mM urea. After 48 hours of the third treatment, about 1 ml of the effluent was collected from each column into sterile microcentrifuge tubes. Bacteria were aseptically collected from the effluent by centrifugation. The pellet was washed with cold and sterile phosphatebuffered saline (PBS) (8.0 g/L NaCl, 0.2 g/L KCL, 1.44 g/L NaHPO 4 , and 0.24 g/L KH 2 PO4) three times and centrifuged. The final pellet was suspended in 5 ml of sterile PBS. The bacterial suspension was serially diluted and plated on the modified urea agar (5 g/L NaCl, 2 g/L KH 2 PO 4 , 1 g/L glucose, 0.012 g/L phenol red, 0.2 g/L peptone, 20 g/L urea, 15 g/L agar, and pH 6.8). All solutions were added by pipetting the solution into the top of each tube and were allowed to gravity feed through the soil, then, the columns were sealed with approximately 5 cc's of the pooled solution on top of the soil. The plates were incubated at 22°C (darkness). Colonies that turned the agar pink or red (pH increase) were considered candidates for this study. Isolates that could hydrolyze urea were picked and streaked for isolation onto urea agar (20) .
Measurement of urease activity Urease activity was determined using measurement of electric conductivity in the experiments. The amount of ammonium produced from a 1 M solution of urea/min was defined as urease activity. An aliquot of 1 or 10 mL of bacterial suspension was added to 100 mL of 1 M urea solution. Using an electrical conductivity (EC) meter, the concentration of ammonium produced from urea was determined, indicating a linear correlation between the difference of molar concentrations of NH 4 + (∆C) and the
Rajabi Agereh et al changes of EC of solutions (∆S) in mS/cm: (12). (∆C) = (∆S)/0.063 (2)
Evaluation of the isolates tolerance to drought Using Polyethylene glycol 6000 (PEG 6000) in Nutrient Broth Media with different concentrations, the drought tolerance of the isolates was examined (21) . The isolates were inoculated in sterile condition on a rotator shaker for 72 hours at 27°C, and then, their optical density (OD) at 600 nm was measured ( Table 1 ).
The experimental setup To conduct this research, undisturbed soil samples with silty and sandy texture were collected from a wind erosionaffected area in the northeast of Iran, Golestan province (latitude of 55° 27′ N longitude of 37° 55′ E and latitude of 54° 25′ N longitude of 36° 49′ E). The samples were air-dried, thoroughly mixed, and passed through a 2 mm sieve. Some physicochemical properties of soil samples were measured. Soil texture was determined by the hydrometer method (22) . The organic carbon (OC) content of the soil samples was determined by method of Walkley and Black (23) , and the percentage of CaCO3 equivalent was measured using titration method (24) . Also, soil pH and EC were measured in the saturated paste and saturated paste extract, respectively (25) . Total porosity (TP) was obtained by the following equation (26):
Where ρ b is bulk density (g.cm
) and ρ s is particle density (g.cm -3 ). Using the sieving apparatus, the mean weight diameter (MWD) of aggregates was determined (27) .
MWD = Σxiwi (4)
Where xi is the mean diameter of any particular size range of particles and wi is the weight of particles in that size range as a percentage of the total sample. Moreover, wet aggregate stability (WAS) of aggregates was determined using sieving apparatus (27) . The physicochemical properties and the soils particle size distribution curve are shown in Table 2 The soil samples were treated with MICP using equimolar cementation solutions, including 1 M urea and 1 M CaCl 2 , while two samples were treated with water served, and 1 M urea and 1 M CaCl 2 as controls (Table 3) . For MICP processes, first, 400 mL bacterial suspension was sprayed on the soil surface with four replicates. After 24 hours, 400 mL cementation solution containing 200 mL urea and 200 mL CaCl 2 was sprayed on the soil surface with four replicates. The volume of MICP treatments including bacteria and cementation solutions to the trays was equivalent to 1 cm porosity from the depth of the samples. In other words, the volume of the solution was chosen in such a way that it could completely saturate 1 cm of top layer of the soil. The treated samples were allowed to be air-dried for about ten days, and then, wind experiments were conducted. The samples treated with MICP were exposed to different wind velocities for 5 minutes, and then, sediment flux (q s , Kg m −2 h Data analysis Data were analyzed using SPSS version 16 software. Moreover, the scatter plots were prepared using Excel to find out the best relationship between soil erosion rate and the soil properties. Also, the significance of the obtained relationships was analyzed using regression analysis and F-test by SPSS version 16. 
Results
Isolation and identification of the strains of UPB In this study, 130 different bacteria were isolated. The growth of UPB in enriched cultures from the soil samples was detected by the color change of the medium from light orange to crimson after 7 days of cultivation. By quantitative testing, among 70 strains that were able to produce urease enzymes, strains with the highest amount of enzyme production were selected to determine the tolerance to drought stress test. Finally, 11 strains were selected and identified for wind tunnel experiment (Table 4) .
Comparison of urease activity of the isolated strains The study showed that urease activity of the isolated strains was in the range of 5.62 to 36.84 hydrolyzed urea/ min. Comparison of the results showed that Paenibacillus dendritiformis strain 14 and Bacillus megaterium strain 1 had maximum urease activity ( Figure 3 ). Urease activity of the bacterial strains used in bio-cementation process in other studies was in the similar ranges. For example, Harkes et al (28) reported 5 to 20 mM of hydrolyzed urea/ min for Sporosarcina pasteurii DSMZ 33. Also, for three Bacillus strains isolated from Australian soil and sludge, it was reported more than 3.3 mM hydrolyzed urea/ min (29) . Effect of urease activity on the microbial-induced calcite precipitation In order to evaluate the effect of urease activity on the amount of calcite precipitation, a direct investigation was carried out. The relationship between the measured calcite precipitation and urease activity is shown in Figure  4 . As shown in this figure, there is a significant positive relationship between urease activity and the amount of calcite precipitation, and it follows on a power function basis (R 2 =0.64, P < 0.001). In urea hydrolysis, urea reacts with water and produces the ionic product. When this reaction is performed in the presence of Ca 2+ , CaCO3 sediment is formed. Hydrolysis of urea is a slow and lengthy process when there is no catalyzer, but in the presence of urease enzyme, this reaction is about 10 14 times faster than that of the natural process (30) . In the presence of a urease-positive bacterium, urease enzyme is discharged from bacteria and the amount and rate of sediment formation are controlled by biological activity (31) . In the equal amounts of reactants (urea and calcium chloride), the higher amounts of urea hydrolysis occur when there is more urease activity in a specific time period. Therefore, in a specific time period, if reactants are continuously provided, more sediments are produced.
Effect of microbial-induced calcite precipitation on soil loss rate The results of soil loss rate in MICP treatments and control at different wind velocities are presented in Figure  5a and b. For wind tunnel experiments, the highest threshold wind speed measured on the disturbed soil was 8 and 10 km h -1 in silt loam and sandy loam, respectively. When winds reach a speed further than a threshold velocity, they are considered erosive (32 , soil loss was significantly increased. This indicates that the velocity threshold of the particles in the silty soils is low and these particles are sensitive to erosion. By adding the solution of urea and calcium chloride, the soil loss rate of 37 km h -1 was not significant, but at higher velocities, soil loss rate was significant. Thus, by adding the cementation solutions, the dust release reduced but not so effectively as an aggregation of the fine sand. The results show that . This represents a very impressive effect of MICP in controlling wind erosion, especially at high wind speeds. Wind is a major erosive force in arid and semi-arid regions where there is little vegetation coverage and organic matter to protect the soil surface. In sandy soil with application of MICP, calcite precipitation over the grain surfaces and around the grain contacts, creates a sandstone-like crust. In principle, MICP treatment protocols can be tailored to produce a more targeted deposition of calcite around the grain contacts (33) and thus, create bind between grains. Binding of soil particles can improve the soil structure and the agricultural properties of soils (11) .
Effect of microbial-induced calcite precipitation on MWD Figure 6 shows the effect of MICP on MWD. The results of evaluation of the effect of MWD as an index of particle size distribution, on soil erodibility by wind show an inverse relationship between the MWD and the wind erosion rate. For high MWD values, the soil erosion decreased significantly, following a power function (R 2 =0.67, P < 0.001).
Effect of microbial-induced calcite precipitation on porosity These results suggest that the presence of CaCO3 had a clear effect on the porosity of the material, and a reasonable relationship between the two parameters was observed. A reduction in the pore volume was caused by the precipitation of CaCO3 in the pore spaces. The greater reduction in porosity was seen in the treatment with higher content of the precipitated calcium which was decreased to 30% in the untreated samples. The linear relationship between porosity and content of the precipitated calcium is shown in Figure 7 . Eryuruk et al reported that this reduction occurs through CaCO3 precipitation by bacterial activity (34) . Also, Whiffin et al, investigated the MICP as a technique for soil improvement and observed that the column porosity at the maximum CaCO3 content was decreased to 90% of the untreated material (35) .
Discussion
One of the methods of soil improvement is microbialinduced CaCO3 precipitation (MICP), when CaCO3 crystal is produced between soil particles by bacteria. In MICP process, when CaCO3 precipitates inside soil particle or porous material, after settling the produced sediment, CaCO3 acts as a cementing and coating agent, and the bridge is formed around and between the particles. With increase of the linkage between particles, this procedure can stabilize the soil or porous material and result in increased aggregation and stability (36) . According to the results of this study, there is a relationship between the calcite precipitation (CCE) and the wind erosion rate (Figure 8 ). The soil erosion rate decreases significantly for high CCE values. Then, the rate of soil loss for the soil modified by bacteria was improved through the deposition of the new calcite material by the bacterial activity.
Comparing the soil erosion mass in a control sample with MICP at speed of 97 km h -1 , showed that the amount of soil loss in sandy and silty soil was 215 and 354 kg m . This represents a very impressive effect of MICP in controlling wind erosion, especially at high wind speeds. In addition, the results of this study indicate that MWD of soil particles is strongly related to CaCO3 precipitation content (R 2 =0.67, P < 0.001) ( Figure  9 ). Other studies reported a lower rate of soil erodibility with increasing the MWD of soil particles (37, 38) . Maleki et al investigated the effect of MICP on the rate of soil loss and showed that for low and high bacterial concentrations, the rate of soil loss for the treated samples and control treatment was 1.29 and 0.16%, respectively, indicating a considerable improvement in erosion control in the biologically-treated samples (17) . Also, Douzali Joushin et al studied the inhibition of wind erosion by SBR polymer and Bacillus pasteurii microorganism in Jabal Kandy region (Isfahan province) and observed that with increasing the wind speed, the amount of soil erosion increases exponentially, so that in the control sample, up to 7 m s . Also, they reported that the trend of increasing the amount of soil erosion in a sample stabilized by microorganisms was very slow and at a speed of 15 m s -1 , it was equal to 1.1 kg m -2 h -1 (39) .
Conclusion
This paper presents the results of a laboratory investigation on MICP for wind erosion control in sandy and silty soils. Soil samples were subject to different MICP treatments to monitor the erosional responses when wind erosion was taking place. According to the results, there is a significant positive relationship between urease activity and the amount of calcite precipitation. Thus, in the equal amounts of reactants (urea and calcium chloride), the case which has more urease activity, more amount of urea is hydrolyzed in a specific time period and higher amounts of calcite precipitation occur. The results indicated that the application of MICP on soil surface can be an effective alternative for the wind erosion control, especially at higher velocities. The effectiveness of MICP for erosion control was mainly dominated by the amount of carbonate precipitation, MICP8 with high ability in producing urease enzyme is 
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This paper presents the results of a laboratory investigation on MICP for wind erosion control in sandy and silty soils. Soil samples were subject to different MICP treatments to monitor the erosional responses when wind erosion was taking place. According to the results, there is a significant positive relationship between urease activity and the amount of calcite precipitation. Thus, in the equal amounts of reactants (urea and calcium chloride), the case which has more urease activity, more amount of urea is hydrolyzed in a specific time period and higher amounts able to produce increased levels of precipitated carbonate, which corresponds to reduced fines loss. MWD, as an index of particle size distribution, has a significant effect on the resistance of surface against wind erosion. There is a strong relationship between the amount of soil loss and MWD in the biologically-treated samples, indicating that the formation of the aggregate structure by MICP process could remarkably reduce the amount of erosion and provide sand dune stabilization for dust control and future revegetation.
